We analyse the earthquake magnitude distribution of 'linear morphogenic earthquakes' that reactivated dip-slip normal faults within the Mediterranean region. Information on past events is obtained following two distinct methodological approaches: the geological one (morphotectonic investigations and palaeoseismological excavations) and the historical one (contemporaneous descriptions and surveys of coseismic ruptures). In order to homogenize the different data sets, and, therefore, enabling a comparison, we calculate moment magnitudes (M w ) starting from seismic moments (M 0 ) estimates. The cumulative distributions thus obtained for the two data sets show differences that a series of non-parametric tests suggests to be statistically significant. Coseismic displacements are systematically overestimated for strong (M w > 6.5) historically based earthquakes and for moderate (5.0-6.0) palaeoseismologically observed events. Also concerning the rupture length, the geological information generally provides larger values for moderate earthquakes. The possible causes of this discrepancy and the consequences in using the two data sets for seismic hazard assessment analyses are also discussed.
I N T RO D U C T I O N
An essential attribute of seismic catalogues is represented by the cumulative distribution of magnitudes and this is a crucial statistical characteristic in many seismological investigations and seismic hazard assessment (SHA) analyses. In the last decade(s), the historical catalogues have been largely and almost exclusively exploited during the preparation of seismic hazard maps. However, quantitative geological information concerning the principal seismotectonic parameters of active faults is rapidly increasing, and Earthquake Geology approaches and investigations are rapidly diffusing worldwide (Crone & Omdahl 1987; Mörner & Adams 1989; Hancock et al. 1991; Vittori et al. 1991; Bucknam & Hancock 1992; Serva & Slemmons 1995; Michetti & Hancock 1997; Pavlides et al. 1999; Dunne et al. 2001; Mörner et al. 2004; Caputo & Pavlides 2008) . The growing importance of geological data for SHA analyses is nowadays a matter of fact. This paper is devoted to analysing, and particularly to comparing, two distinct earthquake data sets, which are basically obtained from two different methodological approaches. The first one is based on the critical analysis of documents and reports (including scientific papers for the most recent events) provided by observers contemporaneous with the earthquake, describing the coseismic surface rupture and giving quantitative estimates of both maximum displacement and length.
The methodological approach is typically 'historical' and, for the sake of simplicity, in the following we will label the corresponding data with H. Conversely, the second data set is based on quantitative information obtained from palaeoseismological excavations and morphotectonic investigations of active faults. The methodological approach is purely 'geological' and in the following we will label the corresponding data with G.
Among the different ways used to infer the size of preinstrumental earthquakes, probably the more effective one is that based on the estimate of the seismic moment (M 0 ), provided the principal seismotectonic parameters are known. Indeed, it is also possible to straightforwardly obtain a magnitude value from M 0 (M w ; Aki 1966 ) that could be compared with other magnitude scales. In order to calculate seismic moments, four parameters are necessary, namely the shear modulus (μ), the rupture length (L), the rupture width (W ) and the coseismic displacement (D), according with the formula
Although the choice of analysing seismotectonically homogeneous data strongly affects the final size of the catalogues (i.e. number of listed events), we exclusively consider seismic events capable of generating, or modifying, the surface morphology instantaneously and permanently as a consequence of the upward propagation of a coseismic displacement and its resulting ground rupture that occurred along normal faults, 10-40 km long, commonly active since Middle-Late Pleistocene, characterized by moderate to strong earthquakes (M max ≈ 7), associated with maximum vertical displacements from few tens of centimetres to about 2 m and return periods from several hundreds to some thousands years. In the following, this kind of events will be referred to as 'linear morphogenic earthquakes' (as defined in Caputo 2005) , while the activated faults correspond to those defined by Hancock & Barka (1987) and Stewart & Hancock (1991) as 'Aegean-type faults'. Indeed, this kind of events and fault is responsible for the most damaging earthquakes within the investigated area (Southern Italy, Balkan Peninsula and Western Anatolia). We did not perform any preselection on the available data considering all the earthquakes fulfilling the above criteria.
We did not consider past events that were not associated with coseismic surface ruptures because they could not provide quantitative information about the seismotectonic parameters needed to calculate the seismic moment.
It has been suggested that linear morphogenic earthquakes along Aegean-type faults are characterized by a lower threshold magnitude of 5.0-5.5 . The threshold may be interpreted in terms of probability that a surface rupture is produced as a function of magnitude (Pezzopane & Dawson 1996) , being negligible below this value, or, alternatively, this limit could be referred to the probability that these surface features can be geologically recognized and measured in the field after dedicated surveys (Pavlides Table 2) . . In our catalogues, we did not predetermine any magnitude boundary, but de facto the above mentioned value represents a low-magnitude cut-off for the type of earthquakes here considered. From a seismological point of view, the 5.0-5.5 magnitude also represents another very important threshold because the seismic energy and the consequent peak ground accelerations generated by earthquakes with magnitudes below this value are generally not capable of producing damage to engineered structures. Accordingly, the range of magnitudes included in our catalogues is particularly of interest for seismic hazard analyses.
S E I S M I C C ATA L O G U E S
For past events occurred before the recent instrumental period, say the last 10-20 yr, information on the seismotectonic parameters necessary to calculate the seismic moment could be obtained following the two different methodological approaches previously described, thus providing information for the H-and G-data set.
H-rupture length and H-displacement
The first considered catalogue is essentially an extension of that compiled by . From that catalogue, we selected those seismic events where both the 'surface rupture length' (SRL in Table 1 ) and the 'maximum vertical displacement' (MVD (Table 1) , while numbers underlined to G-catalogue (Table 2 ).
in Table 1 ) are known ( Fig. 1) . Following the same methodological approach described and discussed by the authors, we expanded the historical catalogue by adding some linear morphogenic earthquakes for which both parameters could be estimated with confidence. In so doing, the H-catalogue includes events from Greece, Italy, western Turkey and Bulgaria ( Fig. 1 ) and consists of 28 listed events (Table 1) .
G-rupture length and G-displacement
More than two decades of palaeoseismological investigations carried out in extensional provinces of the Mediterranean realm enable us to compile a sizeable G-catalogue of past events. As mentioned above, we did not consider several compressional and transcurrent events, like those occurred along the North Anatolian Fault, although they were linear morphogenic earthquakes too.
As concerns the coseismic displacement of past events, the results of palaeoseismological investigations documenting the occurrence of linear morphogenic earthquakes have been considered. Accordingly, we critically analysed all the available literature on the topic dealing with Aegean-type faults of the Mediterranean region. We also included some unpublished data from trenches that we recently excavated. In the G-catalogue, this parameter is referred to as the 'palaeoseismological displacement' (PSD in Table 2 ). In some case, if the parameter could be not univocally determined, a range of values is provided. The degree of uncertainty of this parameter is further commented in Section 'Discussion'.
With the exception of extremely recent morphogenic earthquakes, the length of the associated coseismic surface rupture cannot be easily measured in the field. This is particularly true in regions characterized by a Mediterranean climate, where the superficial evidences of an earthquake rapidly disappear, being eroded or masked by colluvial and alluvial processes as well as anthropogenic ones. Notwithstanding this difficulty, but following the principle that multiple morphogenic earthquakes on the same fault have certainly produced a recognisable trace, we followed a typical morphotectonic approach and measured the length of the faults showing clear geological, structural and morphological evidence of recent, say Holocene-latest Pleistocene, reactivations. In the G-catalogue, this parameter is referred to as the 'Neotectonic fault length' (NFL in Table 2 ). It is likely that the NFL represents the maximum possible rupture length for the past events observed and measured in the corresponding palaeoseimological trenches. For a subset of data, the statistical distribution of the ratio between SRL and NFL has been discussed by showing that the large majority of the events have ruptured >80 per cent of the NFL, though fault segmentation likely plays an important role during coseismic propagation of Aegean-type faults. The G-catalogue includes data from Greece, Italy and Bulgaria (Fig. 1) and consists of 88 listed events (Table 2) . Also in this case, if the parameter could be not univocally determined, a range of values is provided.
Other parameters
Concerning the other two parameters, as a first approximation we assumed that the shear modulus (μ) was uniform for all the reactivated faults and equal to 3.2 × 10 10 Pa. This value is obviously the same in the two catalogues and it is consistent with values commonly proposed in the literature. The rupture width is a more subtle problem and certainly needs a more careful approach. It is worth mentioning that most of the considered palaeoseimological investigations included in the Gcatalogue have been carried out on faults that have been reactivated by recent and historical events. Indeed, researchers have commonly excavated palaeoseismological trenches across fault traces where coseismic surface ruptures have been historically reported. This apparent bias in the data set has the advantage that many of the faults considered in the present research are included in both catalogues and thus information on the rupture width could be shared between the two lists. Additionally, many events included in the H-catalogue occurred in recent times and, therefore, they have been also instrumentally recorded. In this case, the hypocentral depth and/or the distribution of the aftershocks commonly provide the 'seismogenic layer thickness' (SLT in Tables 1 and 2 ), while in other cases, this information is obtained from regional or local microseismic investigations, inversion of geodetic data and numerical modelling. Only in few cases, this was roughly estimated from the value of the crustal thickness. From the SLT, it is thus possible to calculate the maximum rupture width (W in Tables 1 and 2 ) by considering the dip-angle (dip in Tables 1 and 2 ) of the seismogenic faults, which in turn is obtained from independent seismological, seismic, geological, geodetic and structural data.
Although the assumption of a constant value for the shear modulus common to the two data sets and the application of a common method to estimate the width of the seismogenic faults could possibly affect the real estimate of the moment magnitudes, this approach does not introduce any systematic bias between the two catalogues. 
M A G N I T U D E D I S T R I B U T I O N O F R E A L D ATA
The distribution of the estimated moment magnitudes for the two catalogues is represented in Fig. 2 . As above mentioned, due to the uncertainty of some of the parameters, for many events a range of values has been assumed. Accordingly, for both data sets three curves have been obtained by using the minimum, the mean and the maximum values for each of the estimated seismic moment and the corresponding moment magnitude. The curves based on the minimum and maximum magnitudes are represented as thin lines in Fig. 2 , while those based on the mean magnitude are represented as thick lines.
As expected, the curves look similar to a truncated GutenbergRichter distribution with clear evidence of incompleteness of the catalogues. This incompleteness can be explained, as discussed before, with the diminishing probability of the surface rupture for decreasing magnitudes . However, it appears that the completeness threshold, the curve slope and the truncation magnitude are different for the two data sets.
We performed a statistical test to discuss the hypothesis that the H-magnitudes are coming from a different population versus the null hypothesis of being the same population of the G-magnitudes. In order to avoid a possible bias due to the unknown parent distribution, we used a robust, non-parametric test. The KolmogorovSmirnov (K-S) test was applied to the two empirical cumulative distribution functions (ECDFs, Fig. 3 ), obtaining the confidence limit under which one can reject the hypothesis that the two distributions are the same. The test performed on the whole data set returns a 99.99 per cent confidence limit (CL). Following a conservative approach, it could be possible that this strong result is due to the incompleteness at lower magnitudes and, therefore, we performed a second test in the completeness interval. It is reasonable to assume that incompleteness arises when the slope falls below a straight line for decreasing magnitudes. We thus took M w = 6.1 as the completeness threshold, obtaining again a 99.99 per cent confidence limit for rejecting the equal distribution hypothesis. Since the moment magnitude depends on both displacement and fault area (and thus fault length), we tested separately the influence of the two factors. The K-S test performed on the displacements suggests to reject the hypothesis of equal distribution at 95 per cent CL, while the difference between H-length and G-length is significant at just 75 per cent CL The larger difference between displacements rather than lengths is also evident from the comparison of EDCFs (Figs 4a and b) .
Finally, in order to understand if we are observing a real difference or we are simply looking at a bias due to undersampling of one population, it would be necessary to have an equal number of events in both catalogues. Based on the empirical frequency distribution of the collected PSD, MVD, NFL and SRL, we generated random sequences of events reproducing the observed distributions of both catalogues. The synthetic curves reproduce the behaviour of the real data confirming that the observed differences between H-data and G-data are not due to undersampling of the population, but rather to an actual difference in the distribution of the parameters obtained with the historical versus geological collecting approach.
D I S C U S S I O N A N D C O N C L U S I O N S
The potential period of occurrence for the G-data spans the last 10-20 ka, while that of the H-data is ca. 200 yr. From a theoretical point of view, being equal the other parameters, the longer the investigated period, the more complete the sampled catalogue should be, especially in terms of maximum (and more rare) events. In spite of the much shorter investigated period, the H-events show statistically significant larger maximum magnitudes than the G-earthquakes. It is likely that this difference is epistemic, being intrinsically related to the distinct methodological approaches used for the different data sets and particularly for quantifying the coseismic displacement and length.
For displacement, it is expected that MVD (H-data) is systematically larger than the corresponding PSD (G-data) value. This is due to the fact that in the historical approach, the entire rupture length (or most of it) is inspected by researchers or was observed and described in older reports, while in palaeoseismological trenches, the -and G-data, respectively. observation is limited to only one or few excavation sites. From a statistical point of view, it is obvious that the larger sampling size on which MVD is based makes its value (H-data) theoretically more realistic. This is confirmed by the MVD and PSD values for ten events included in both tables (marked by an asterisk). The K-S test, performed under the one-tailed assumption of single sided-inequality, returns a 94 per cent CL for rejecting the hypotesis PSD > MVD versus the alternative MVD > PSD.
However, it should be noted that the gravitationally induced component of the vertical displacement inducing, for example, landsliding or differential compaction could not be straightforwardly recognized and separated in the field. Although in the H-catalogue a particular care was spent in neglecting questionable data (see discussion in , if secondary gravitational effects occur in concomitance with the maximum (tectonically induced) displacement, the recorded MVD value could be erroneously larger. An observer would likely focus on (and consequently report) the maximum displacement, which in turn does not correspond to the real amount of coseismic displacement. Such morphological features are relatively common in nature and could have caused important overestimates of the MVD value, especially for older events whose record is provided by non-specialists completely unaware of these structural complexities.
Moreover, because such gravitational phenomena are triggered by the ground shaking, which is a function of the magnitude, the probability that these secondary effects may occur along the surface rupture strongly increases with the size of the earthquake.
Also an articulated geometry of the coseismic rupture close to the surface could easily create the conditions for an overestimate of the displacement. In Fig. 5 , are represented two examples from recent linear morphogenic events. In similar situations, the amount of (Fig. 6a ) and careful palinspastic restorations (Fig. 6b ) a similar structural and geometrical disturbance would be easily recognized and properly taken into account in order to provide a more realistic value of the coseismic displacement. Accordingly, it is likely that some (or many?) MVD values included in the H-catalogue overestimate the real coseismic displacement.
For the length of the seismogenic fault used in the calculation of the seismic moment and following the above definitions of the two parameters (NFL and SRL), it is likely that the length of any surface rupture produced by a historical event (SRL) is included within the NFL, the latter being the result of the cumulative effect of many partly overlapping linear morphogenic earthquakes. Accordingly, the G-length (NFL) is systematically longer than the H-length (SRL). Other parameters being equal, when a fault is reactivated by a relatively small seismic event this difference is emphasized as a consequence of the increase of the NFL/SRL ratio.
In summary, in the calculation of the seismic moment for the two data sets, the contribution given by the coseismic displacement and the length show opposing trends and the bias introduced in the two independent approaches is partly counterbalanced. However, at magnitudes lower than 6.5, the NFL versus SRL contribution prevails, giving a larger number of moderate (M w = 5.0-6.5) Ginferred events. In contrast, for strong earthquakes (M w > 6.5) the bias possibly introduced in the H-events by the 'gravitational' and other local effects seems to prevail, giving unlikely high magnitudes for normal faults worldwide and particularly for Aegean-type faults. The comparison of moment magnitudes calculated for 10 linear morphogenic events included in both catalogues confirm this pattern showing that H-magnitudes are systematically larger than G-magnitudes above ca. 6.5 (Fig. 7) . From the practical point of view, the observed difference on magnitude estimates has a consequence on SHA analyses both in terms of occurrence ratio and maximum expected magnitude.
In our opinion, the two investigation methods should be combined. Indeed, for the larger linear morphogenic earthquakes (M > 6.5) the geological approach (G-catalogue) is not strongly affected by misinterpretation of the vertical displacement that might adversely affect the historical data. As a consequence, the G-catalogue provides more reasonable truncation magnitudes than the H-catalogue. In contrast, the H-catalogue seems to be more complete in the interval up to M = 6.5, where the palaeoseismological studies are still far from completeness. Moreover, in the range 5.5-6.5, the geological approach (G-catalogue) likely provides a higher seismic hazard due to the bias introduced by considering the entire fault length (NFL)
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